Abstract-Ship's handling is difficult because the response of ship's maneuver is slow with the big inertia. First, this study identifies the ship maneuverability, which is expressed as AutoRegressive Moving Average (ARMA) model, by steering. Second, a time delay of the angular velocity is verified. Finally, this study design a ship's steering control system. The angular velocity is controlled by applying Generalized Minimum Variance Control (GMVC) of predictive control method. Especially, GMVC's control method is arranged by adding a operating limit for the ship's steering control.
I. INTRODUCTION
A ship is turned by a rudder. If the angle of rudder is set, the ship's angular velocity will be increased and the turning radius will be smaller. However, the response of rudder is slow due to the ship's big inertia [1] [2] [3] [4] . Therefore, the angular velocity has been saturated in 10 seconds after the steering angle is set. On the other hand, the angular velocity cannot be stopped suddenly even if the reverse rudder against the turning direction is set. Especially, leaving and getting to the shore, the response of rudder is even slow. Therefore, when the ship get to the shore the crew frequently give a ship rudder to lead on pier. Moreover the steering control is effected by a strong wind. An auto-pilot steering system, which keeps the ship in the desired course, has been spread [6] . The auto-pilot is controller to track the reference course with PID controller, which removes the offset between the reference course and the ship's current direction. This is a simple control method. Therefore, the high skill is necessary to operate the ship maneuver.
In this study expresses the ship's movement as an ARMA (Auto Regressive Moving Average) model [13] and the steering control system, which makes the ship turn flexibly with a predictive control method, is designed. However, the efficiency of controller should be improved because the energy for steering is frequently consumed. Therefore, in this study, GMVC (Generalized Minimum Variance Control) [8] [9] [10] [11] [12] is applied to the steering control system. GMVC is one of a predictive control methods [7] which simply consists of a cost function of a tracking error and a control input. GMVC is derived from the ARMA model of the controlled object. On the other hand, the conventional model for the ship maneuverability is expressed by a dynamical model of the ship's weight, the buoyancy and the rudder's fluid dynamics. However, even if the model's error is detected, it is difficult to find the cause of the error in any parameters because there are many parameters [14] . The ARMA model is easily expressed by measuring the angular velocity in relation to the rudder's motion as input. In addition, Nomoto model is known as easy model for efficiency of controller. However GMVC is based on ARMA model, therefore Nomoto model is not applied to this study. Furthermore, this study detected a delay time of the system in the experiment. Therefore, the proposed GMVC can quickly track the reference angular velocity. Authors consisted of the servo and robust tracking characteristic for GMVC. For the following discussions, we termed this control system theoretical servo GMVC. So far, GMVC had been mostly applied to process control, however not applied to the steering control system. Nevertheless, when theoretical servo GMVC is applied to the steering control system, in ordinarily ships the situation appear a which exceeds non configurable 35 degree of steering angle and calculate a control input for radical changing steering control to exceed 5 degree per second. In theoretical GMVC, it is necessary to make the input weighting of a cost function large numerics to meet limiting conditions of steering control. However, if input weighting is large, the steering performance is slow.
In this study, we design GMVC with limiting conditions of steering control, reduce the input weighting and raise steering performance of responsibility. We call it limited steering GMVC. In addition, we compare the response of it and SICE Annual Conference 2011 September 13-18, 2011, Waseda University, Tokyo, Japan conventional PID control.
II. EXPERIMENT OF STEERING
As the response in the angular velocity against the control input for ships, was analyzed by experiments of steering. The ship for this experiment was a training ship "Yuge Maru" (240 gross ton) which belongs to Yuge National College of Maritime as shown in Fig. 1 .
The data of the steering angle and angular velocity for analizying ship s maneuverability were recorded every second. Further the ship's locus was analyzed with GPS data. The angular velocities with step inputs in right and left 10, 20 and 30 degree of steering angle are measured. The ship cruised in 3 knots (1knot=1,852m/hour). In Fig. 2 ,time histories of three different angular velocities in the right turn are depicted. At 6 seconds, the step input of steering angle are given and return to 0 in the fixed angular velocity. As the experiment results, the steering angle of 11 degrees generates the angular velocity of 0.9 rad/sec, and in the case of 21 and 32 degrees the response time were 1.5 and 1.8 rad/sec respectively. The rising time of responses are 34 seconds with the steering angle of 11 degrees, and in the case of 21 and 32 degrees the rising time becomes 27 and 24 seconds respectively. From these results of the experiments, it was confirmed that with the larger rudder the angular velocity becomes higher and rising time becomes shorter. Moreover, the steering responses of 11,21 and 32 degrees have delay time for 5 seconds.
In Fig. 3 shows the time histories of angular velocity in the case of left turn. At 5 second, the step input of the rudder are given. The steering by 10 degrees rudder generates the angular velocity of 0.6 rad/sec, the 21 degrees and 31 degrees rudder generate the angular velocities of 0.9 rad/sec and 1.4 rad/sec respectively. It was also confirmed that the delay time for 5 seconds in the small steering angle as 11,21 and 31 degrees. The rising time of responses are 38 seconds with the steering angle of 10 degree, and in the case of 21 and 31 degree the rising time becomes 32 and 28 second respectively.
From these results of the experiments, it was confirmed that the responses of right steering are better than to left. This tendency was first visualized and is caused by the propeller's stream [1] [2] [3] . The problem to control the steering is simple because the angular velocity is generated by the steering angle change so that this system can be expressed as a Single-Input SingleOutput (SISO) system. In this study, the system model is expressed as the following Auto Regressive Moving Average (ARMA) model.
In thi set of equations, y(k) is the ship's angular velocity rad/sec as an output signal. u(k) is the steering angle as an input signal. q −1 is a time shift operator. q − j stands for a delay time of steering response. ξ (k) is a white noise with the zero mean and variance σ 2 In addition, effects of wind, wave and tidal current should be also considered as load-disturbances. In this paper, however, the maneuverability of steering is verified without the wind and the tidal sea.
IV. IDENTIFICATION OF ARMA MODEL FOR STEERING

A. Off-line Identification
Collecting parameters A(q −1 ) and B(q −1 ) of ARMA model (1), a parameter vector θ is defined as
The output y(k) is written as
The one step predictor without delay in the system is expressed asŷ
and the system with the delay time is expressed by ARMA model (1) . In order to estimate parameters a cost criteria J N (θ ) is set as
where l(k, θ , ε(k, θ )) is a scalar function to measure the value of a predictive error and the predictive error is
The noise of system is white noise which is equal to the function is
The cost criterion is expressed as
which is arranged to
where R(N), f (N) and c(N) of (10) are
Differentiating J N of (10) and set as 0,
where the estimated values of unknown parameters are determined byθ
The system parameters are estimated by an off-line leastsquares methodθ
B. Result of Off-line Identification for Steering
In this study, the ship's steering is identified which is based on the data of Chapter. II. The coefficients A(q −1 ) and B(q −1 ) of the ARMA model are identified by calculating the navigation data with u(k) as input data and y(k) as output data. The coefficients (2) of the ARMA model (1) for right turn and left turn with steering rudder of 10, 20, and 30 degrees are calcurated as follows.
The coefficients of the model for right turn with steering rudder of 11 degree are written as
The coefficients of the model for right turn with steering rudder of 21 degree are written as
The coefficients of the model for right turn with steering rudder of 32 degree are written as
The coefficients of the model for left turn with steering rudder of 10 degree are written as
The coefficients of the model for left turn with steering rudder of 21 degree are written as
The coefficients of the model for left turn with steering rudder of 31 degree are written as
The degree of polynomials are set that A(q −1 ) is 2 degrees and B(q −1 ) is 1 degree in this identification. If the degree for the identification is increased, the responses become similarly. The model expression of lower degree is desirable so that the actual steering shown in Chapter. II are suffered by the loaddisturbance such as wind, wave and tidal current. The delay time of the steering maneuver is verified by the results of experiments of Chapter. II. The delay time of right and left steering with rudder are 5 seconds as shown in Fig. 2 and 3 .
V. GENERALIZED MINIMUM VARIANCE CONTROL(GMVC) FOR SHIP S STEERING
In Chapter. II, the steering response has a delay time. Thefore, the Predictive Control method is effective to the delay time system. In this study, Generalized Minimum Variance Control (GMVC), which is one of the predictive control methods, is applied because the structure of GMVC is simple. A GMVC controller is derived by minimizing a cost function.
where h(k + j) stands for a generalized output
and
where w(k) is a reference signal. The polynomials P(q −1 ), R(q −1 ), S(q −1 ) are the weights of the cost function. The GMVC law is derived by minimizing the variance of the cost function J = E{h(k + j) 2 }. However, y(k + j) in the generalized output (22) must be predicted, because it cannot be observed at the present time k. In the following, the unique solutions E(q −1 ) and F(q −1 ) are derived with a Diophantine equation
The Δ of Eqn. (22) and Eqn. (23) is set to satisfy the servo system against the reference signal change and the load disturbance. Furthermore, the servo system satisfies a robust characteristic [18] against the model error. P(q −1 )y(k + j) of the Eqn. (22) is calculated by applying the Diophantine Eqn.
Substituting the Eqn. (24) to the generalized output (22), the cost function is
The cost function includes a generalized predictive output h(k + j | k), which contains data from the past time to the present time except for the noise.
where, the generalized predictive outputĥ(k
The control law (28) is derived by minimizingĥ(k + j | k), that is, 
where
Eqn. (31) is a characteristic polynomial of the closed-loop system. Fig. 4 shows the block diagram of the closed-loop system for the servo GMVC.
Fig. 4. Block diagram of closed loop system for GMVC VI. SIMULATION OF GMVC FOR STEERING
A. Theoretical Servo GMVC
In this Chapter ,the steering response with theoretical servo GMVC is verified. Fig. 5 and 6 shows simulation results ,which applied the model for right steering rudder of 21 degrees to theoretical servo GMVC. Fig. 5 shows steering angle, Fig. 6 shows angular velocity. The reference signal is fixed angular velocity with step inputs of right turn with steering rudder of 21 degree. In Chapter. II,thereference signal of right steering 21 degree for GMVC is 1.5 rad/s. The delay time is 5 seconds. The reference signal changes at 20 seconds. The control weighting and input weighting is P(q −1 ) = R(q −1 ) = 1 because of the constraints of servo system. Fig.5,Fig. 6 show simulation results ,which are compared with the manual right turn of 21 degrees as the step shaped, of time responses. The manual right turn was showed as heavy line. Fig.5 show the steering input and Fig. 6 show the turning angular velocity as the output. The results of the input weighting S(q −1 )=0.03,0.4,1 for GMVC. In Fig. 6 , the turning angular velocity is high however the overshoot of response become big if the input weighting S(q −1 ) is too small. If the input weighting S(q −1 ) is too big, the overshoot become small however the response of turning angular velocity is slow. The steering performance of S(q −1 ) = 1 is similar to that of manual steering. Hence ,the steering input for proposed servo GMVC was set before reference signal changing, however the steering performance was not high. In 5, the input weighting 
B. 2 Degrees of Freedom GMVC
If the input weighting S(q −1 ) is small to track the reference signal, the over shoot become. [20] Then, 2 degrees of freedom GMVC was proposed, which has reference model to achieve the ideal tracking performance in control system. [20] Fig. 7 shows Block diagram for 2 degrees of freedom GMVC.
H
The referencesignal-filter to steering control system. Fig. 8 Fig. 9 shows simulation results, which applied right steering angle 21 to 2 degrees of freedom GMVC. Fig. 9 shows that 2 degrees of freedom GMVC has not the overshoot and fast response time against reference signal change. However, in Fig.8 the steering rudder of 74 degrees over limited steering rudder of 35 degrees were ordered. Therefore, in reality the steering performance cannot be improved with 2 degrees of freedom GMVC.
VII. LIMITED STEERING GMVC
A. way of design
In Chapter. VI, if steering control system is applied, a large unacceptable input in real are calculated. At this point, the steering response of Yugemaru is verified. Fig. 10 shows change of right steering angle with 11 • 21 • 32 • in 3 knots.
In Fig. 10 , the steering angle increase and decrease constantly 5 • /s. Further, we found that change of steering rudder is similarly 5 • /s over 10 knots too. [19] In turn, the limit of steering angle is 35 degrees for every ships. In the following,that rules of constraints, within 35 degree and steering change 5 • /s, are set in GMVC. 
Eqn (32) ∼ (34) is set to satisfy the limited steering angle GMVC, which is proposed in this paper. If the closed-loop system calculated by theoretical servo GMVC (28) come under any of Eqn (32) ∼ (34), u(k) is updated. Especially , Eqn (32) is priority terms.
B. Simulation of Limited Steering angle GMVC
The simulation results of limited steering angle GMVC was showed. On time response, it was compared to the manual steering and PID control. In Fig. 11 , the brock diagram closed loop system for PID to compare , is showed. Fig. 11 is a pre-compensator for the servo system. we decide H(q −1 ) by Plant parameter B(q −1 ) and delay time.
Further , H(q − 1) was calculated on right steering of 21 degrees Eqn (16) . 
is expressed as Fig. 11 .
K(q −1 ) consist of proportion, integral and differential gain and time response of steering is fast with adjusting PID parameters. Fig. 12 and Fig. 13 show simulation results, which are applied to limited steering angle GMVC for the right steering of 21 degrees in 3 knots. The input weighting is S(q −1 ) = 0.03. Fig. 12 shows steering rudder, Fig. 13 shows angular velocity. In Fig. 13 , the response of limited steering angle GMVC is faster than manual steering and PID control. The rising time of limited steering angle GMVC is faster than manual steering about 20 seconds, and PID control about 8 seconds. This results indicate that limited steering angle GMVC is faster than only 5 seconds for delay time, response of limited steering angle GMVC is faster than PID control. In Fig. 12 , the input hold within limited steering of 35 degrees. The input weighting S(q −1 ) = 0.03 which cannot use in Chapter. VI-A. Further, if the input weighting S for the limited steering angle GMVC is smaller than 0.03, the response does not involved in.
In the following , Fig. 14 Fig. 15 show results, which were applied to left steering of 21 degrees for limited steering angle GMVC. In left steering, the turning angular velocity by steering rudder is smaller than right steering, however we found that limited left steering GMVC is also faster than manual steering and PID control. In Fig. 14 , the steering angle of PID control become limited steering angle of 35 degrees. Exactly, it cannot be expected that PID control improve steering response by PID parameters adjusting. As a results, limited steering angle GMVC can provides the high steering performance of response in comparison with the PID control.
VIII. CONCLUSION
In this paper, the ARMA model with regard to the relation between the steering input and the turning angular velocity is studied. The model is identified by referencing the data of the ship's maneuverability. The delay time exists in the steering response. In this study, the GMVC for the steering control system is proposed in order to improve performance of a delay time. Therefore, if the theoretical servo GMVC is applied to steering control system and the input weighting is small, not acceptable steering rudder in real is calculated. Then, the limited steering angle GMVC with the constraints for steering angle is proposed. The limited steering angle GMVC can reduce the input weighting, provides the high tracking performance and the high steering performance of response. The proposed GMVC predicted delay time and improved the tracking performance and at the rising time of response was 20 seconds shorter than manual steering. And it was 8 seconds shorter than PID control for high steering performance of response. At leaving and getting to a shore, the accident happens frequently, which is running up against a shore and colliding another ships. The high steering performance of response improve maneuverability of ship. Hence, the active turn is satisfactory and effective to avoid unpredictable disturbance. 
